Abstract: The spherical β-calcium orthophosphate (β-Ca 3 (PO 4 ) 2 : β-TCP) agglomerates have been prepared by a spray-pyrolysis technique. The hollow spherical agglomerates were obtained by heating the spray-pyrolyzed powder at 900 for 10 min. The cylindrical specimen was fabricated mixing the calcium-phosphate paste (CPP) with 10-50 mass% β-TCP agglomerates, using malaxation liquid. The setting time of CPP specimen increased from 8.5 to 17 min with increasing amount of β-TCP from 10 to 50 mass%. The CPP specimens with β-TCP addition were immersed into the simulated body fluid (SBF) at 37±0.2 for various times. The compressive strengths of CPP specimens with β-TCP addition reached maxima, e.g., 42.8 MPa for 10 mass% β-TCP addition and 7.5 MPa for 50 mass% β-TCP addition, respectively, after the immersion of these specimens in SBF for 3-7 d. Crystalline phases of the CPP specimens after the immersion in SBF for 7 d were HAp and β-TCP. The total porosity of CPP specimen increased with increasing amount of β-TCP and attained 67.1% for 50 mass% β-TCP addition.
INTRODUCTION
As a typical bone paste, calcium phosphate paste (CPP) for the injection through small holes has been developed and came onto the market in Japan. 1, 2 The setting of such CPP may be divided into two stages. The first stage of setting involves a rapid increase in compressive strength due to the chelating reaction between succinic acid (a component of the malaxation liquid) and calcium ions. The second stage of setting involves a slow increase in compressive strength through conversion of various types of calcium phosphates into hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ; HAp). Since the hardening of CPP does not involve polymerization, unlike the utilization of organic cements, little heat is emitted when it hardens. Also, there is no problem on the residual monomers. Furthermore, because this cement changes structurally into apatite in vivo, it has excellent osteoconductivity and biocompatibility comparable to those of bone prostheses of apatite.
In the orthopedic surgery, calcium-phosphate ceramic is now being used for repairing bone defects formed by illness or surgical treatment, and a number of clinical researches on this type of ceramic bones have been reported. 1, 2 Such ceramic bones are commercially-available in the forms of block and granules. When a block-type ceramic is used for repairing bone defects, one must select either an as-fabricated ceramic bone that is implanted into the processed bone defects, or processed ceramic bones whose shapes are matched to those of bone defects. In both cases, however, it may be difficult to accommodate the shapes of ceramic bones to the complex-shaped bone defects. Although the granule-type ceramic bone is used for repairing complex-shaped bone defects, it has the problem on the poor mechanical strength during the resorption of bones and substitution with new osseous tissues. In order to overcome these problems, many researchers paid attention to the development of bone paste, 3.4 whose advantages are: (1) injection via a small hole directly to the bone defects; (2) filling in the complex-shaped defects; (3) sufficient mechanical strength that is satisfied with the requirements; and (4) bioactivity comparable to that of apatite.
A problem on the utilization of CPP may be the long-term retention of cement in vivo, 5.6.7 i.e, poor bioabsorbability, due to the formation of comparatively dense CPP after hardening. To date, the porous CPP 8.9.10 and apatite cement (carbonate-apatite formed by combining cement with sodium hydrogen carbonate) have been fabricated in order to improve such bioabsorbability. 11.12 The present authors -149 -Phosphorous Research Bulletin Vol. 20 (2006) pp. 149-154 Table 1 Setting time of CPP with β -TCP fabricated using a malaxation liquid, together with P/L ratios. 14 The starting CPP powder was mixed with the malaxation liquid at a P/L (Powder to Liquid) ratio ranging from 1.3 to 2.7. The setting times of CPP are shown in Table 1 , as a function of P/L ratio. Note that the P/L ratio of CPP without β-TCP addition was 3.6, and that the malaxation type for the fabrication of CPP was not 'injection type' but 'hand type'. The mixture was packed into a cylindrical plastic mold with 7.0 mm in radi water, and sodium hydrogen sulfite. 14 The starting CPP powder was mixed with the malaxation liquid at a P/L (Powder to Liquid) ratio ranging from 1.3 to 2.7. The setting times of CPP are shown in Table 1 , as a function of P/L ratio. Note that the P/L ratio of CPP without β-TCP addition was 3.6, and that the malaxation type for the fabrication of CPP was not 'injection type' but 'hand type'. The mixture was packed into a cylindrical plastic mold with 7.0 mm in diameter and 14 mm in length. After setting, the specimen (n=8 for each data collection; n, the number of specimens ) was immersed into the simulated body fluid (SBF) and was incubated at 37±0.2°C for various times 15 After the immersion into the SBF for the desired time, the specimen was taken out of the SBF.
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Evaluations Evaluations
Crystalline phases of the specimen were examined using an X-ray diffractometer (XRD; Model RINT2000, Rigaku, Tokyo, Japan) with CuKα ation generated at 40 kV and 40 mA. The X-ray diffraction pattern was identified with the Joint Committee on Powder Diffraction Standards (JCPDS) cards. The sample powder for the XRD measurement was prepared by the following procedures: the specimen was taken out of the SBF, freeze-dried (ES-2030, Hitachi, Tokyo, Japan) and ground into powder.
Crystalline phases of the specimen were examined using an X-ray diffractometer (XRD; Model RINT2000, Rigaku, Tokyo, Japan) with CuKα radiation generated at 40 kV and 40 mA. The X-ray diffraction pattern was identified with the Joint Committee on Powder Diffraction Standards (JCPDS) cards. The sample powder for the XRD measurement was prepared by the following procedures: the specimen was taken out of the SBF, freeze-dried (ES-2030, Hitachi, Tokyo, Japan) and ground into powder.
The bulk density of the specimen after the immersion in SBF for 7 d was measured on the basis of the mass and dimensions. The total porosity (P Total ) of the specimen was calculated on the basis of the following equation:
where ρ Bulk is a bulk density of the specimen and ρ Theo is a theoretical density of HAp ( = 3.16 g cm -3 ). 8 The closed porosity (P Closed ) was obtained on the basis of the following equation:
where ρ True is a true density, and ρ App is an apparent density. The true density (ρ True ) was measured picnometrically, using ethanol as a replacement liquid, whereas the apparent density (ρ App ) was obtained by weighing the specimen in ethanol after impregnation at the reduced pressures. The microstructure of specimen was observed using a scanning electron microscope (SEM; Model S-4500, Hitachi, Tokyo, where ρ True is a true density, and ρ App is an apparent density. The true density (ρ True ) was measured picnometrically, using ethanol as a replacement liquid, whereas the apparent density (ρ App ) was obtained by weighing the specimen in ethanol after impregnation at the reduced pressures. The microstructure of specimen was observed using a scanning electron microscope (SEM; Model S-4500, Hitachi, Tokyo, The compressive strength of the CPP specimen was measured using a testing machine (Auto Strain, Model:
YZ-500-1-PC, Yasuda Seisakusyo, Nishinomiya, Japan) with a crosshead speed of 0.5 mm min -1 . This phenomenon may be attributed to the increase in porosity with increasing amount of β-TCP addition. A slight reduction of compressive strength after the immersion in SBF for 7 d or more seems to be ascribed to the dissolution of chemical components (e.g., Ca 2+ and PO 4 3-) into the SBF. As the present data indicate, the compressive strengths of CPP specimens with and without β-TCP addition must be dependent on the porosities. Detail will be discussed later, together with the data on porosity.
RESULTS AND DISCUSSION

Properties of CPP specimen with β-TCP addition
In order to evaluate the handling of CPP with β-TCP addition, the setting times were measured, together with their P/L ratios. As shown in Table 1 , the P/L ratio decreased and the setting time increased with increasing amount of β-TCP addition. The setting time of CPP specimen with 10 mass% β-TCP addition was 8.5 min, whereas that of CPP specimen with 50 mass% of β-TCP was 17 min. Such increase in setting time is attributed to the decrease in P/L ratio, i.e., the increase in the amount of malaxation liquid. Thus a larger amount of malaxation liquid seems to be needed for the setting of CPP with increasing amount of β-TCP, which also contributes to increasing the setting time. After the immersion in SBF for 3 h, the resulting CPP contained HAp, together with α-TCP, β-TCP and TECP. X-ray intensities of the α-TCP and TECP decreased but HAp increased with increasing immersion time ( Fig. 3 (a) and (b) ). After the immersion in SBF for 7 and 14 d, the resulting CPP contained HAp and β-TCP (Fig. 3 (c) and (d) ). X-ray intensities of the β-TCP were higher, compared to those of CPP with 10 and 30 mass % β-TCP addition (not shown in the figure). HAp, judging from the fact that HAp and β-TCP were only present after the immersion of CPP in the SBF for 7 d. These plate-like particles seem to be intertwined with one another to fill in the spaces of CPP, as they grow gradually with increasing immersion time.
for 7 d or more. These particles may be considered as HAp, judging from the fact that HAp and β-TCP were only present after the immersion of CPP in the SBF for 7 d. These plate-like particles seem to be intertwined with one another to fill in the spaces of CPP, as they grow gradually with increasing immersion time.
Relating to the particles formed during the immersion in SBF, typical particle morphology of the CPP specimen with 10 mass% β-TCP addition immersed in SBF for 14 d is shown in Fig. 5 . The needle-like particles were present in the original β-TCP agglomerates, which were grown in the direction of the centers of agglomerates. Such needle-like particles may be formed during the conversion of various types of calcium phosphates into HAp in the presence of SBF.
Relating to the particles formed during the immersion in SBF, typical particle morphology of the CPP specimen with 10 mass% β-TCP addition immersed in SBF for 14 d is shown in Fig. 5 . The needle-like particles were present in the original β-TCP agglomerates, which were grown in the direction of the centers of agglomerates. Such needle-like particles may be formed during the conversion of various types of calcium phosphates into HAp in the presence of SBF. In addition to the amount of open pores in CPP specimen, the pore diameters should also be noted for the introduction of osteoblast. Fig. 8 shows the pore diameter distributions of CPP specimens with and without β-TCP addition measured by the mercury porosimetry. Pore diameters of CPP without β-TCP addition were distributed over the range of 0.006 to 0.01 µm (Fig. 8(a) ). On the other hand, pore diameters of CPP specimens with 10 and 30 mass% β-TCP addition were distributed in the ranges of 0.009 and 0.02 µm and 0.006 and 0.05 µm, respectively; the amount of pores with sizes below 0.01 µm increased with increasing amount of β-TCP from 10 to 30 mass% ( Fig. 8(b) and (c) ). Furthermore, most of the pore diameters of CPP specimen with 50 mass% β-TCP addition were distributed in the range of 0.075 to 0.9 µm; small amounts of pores with diameters in the range of 1 to 10 µm were also present in the specimen (Fig. 8(d) ). 
